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Measurements of the in-plane thermal conductivity and thermopower of graphite have been per-
formed from 70 mK to 8 K. The thermal conductivity exhibits a crossover from a T" (n > 2) depen-
dence above 1 K to a T114%002 [y at lower temperatures, behavior attributed to a combination of
increasing carrier conduction and a lattice component varying slower than 72 from 1 K down to
about 0.3 K. The thermoelectric power is negative throughout the range; below 2 K, it is a linear
function of temperature, the magnitude of the slope being proportional to the degree of structural

imperfection of the samples.

I. INTRODUCTION

Interest in the properties of graphite, in its many forms,
has grown considerably in recent years, mainly due to its
technological promise as a very strong yet lightweight ma-
terial, as well as its use as the parent material of a class of
important synthetic substances known as graphite inter-
calation compounds. As a result, theoretical and experi-
mental investigations are once again focused on this lay-
ered semimetal.

We report here on measurements of the in-plane
thermal conductivity and thermopower of highly oriented
pyrolytic graphite (HOPG) at sub-Kelvin temperatures.
The results shed new light on the interplay of lattice vi-
brations and carriers in this hitherto uninvestigated re-
gime. In particular, experimental evidence points to the
fact that below 1 K the lattice thermal conductivity may
be decaying slower than the expected T> power-law
dependence.

II. EXPERIMENTAL

Samples used in this investigation are the same as those
on which we have recently reported electrical resistivity
measurements.! The experiments were performed in a di-
lution refrigerator down to about 70 mK. Thermal con-
ductivity was measured by a steady-state technique where-
by a known heat current is passed through the sample
producing a temperature difference along its length. The
precision of the technique is limited primarily by the reso-
lution of the temperature difference AT =Ty — T, where
Ty and T are temperatures of the hot and cold junctions
along the length of the sample. We have used calibrated
germanium resistance sensors’ (30 Q nominal at 4.2 K)
which are accurate to better than 0.5 mK resulting in an

error of at most 2—3 % at the lowest temperatures. In ad-
dition, we have available a set of superconducting fixed-
point standards, National Bureau of Standards—Standard
Reference Material 768, serial number 68, which provide
convenient reference temperature points against which the
germanium thermometers are cross-checked during each
cooldown. The absolute accuracy of the thermal conduc-
tivity data is limited by the uncertainty in the dimensions
of the samples. This error we estimate as about 5% and
the figure includes corrections for the thermal contraction
in the c-axis direction on cooling. Thermoelectric voltage
was measured with the aid of a superconducting
quantum-interference device (SQUID) operating as a null
detector. In this procedure, described in detail elsewhere,’
the thermoelectric signal (V) across the sample is bal-
anced by a resistive voltage produced by passing a known
current (I,) through a reference resistor (R,) held at 4.2
K. The null condition V;=I,R, is measured by the
SQUID to a precision of about 1 part in 10*. The thermo-
power is then obtained from S=V,/AT, and the overall
precision is again limited by the uncertainty in AT.

Samples used in the investigations were cut from slabs
of highly oriented pyrolytic graphite (HOPG) manufac-
tured by Union Carbide Corporation; this material
represents some of the best synthetic graphite available.
While it is not a single crystal, having a typical c-axis mo-
saic spread of about 1°, its in-plane transport properties
are very similar to those of the best natural single crystals.
In addition, unlike the natural single crystals, which are
usually in the form of thin flakes of sizes 1—2 mm, the
HOPG material is available in bulk sizes of several cen-
timeters, making accurate thermal transport measure-
ments more feasible and reliable. Several relevant param-
eters concerning the samples are given in Table I.

TABLE 1. Relevant parameters of samples. RRR represents the residual resistivity ratio.

Dimensions Po dS /dT below 2 K
Sample no. (mm3) RRR (Qcm) (uVK~2) '
1 2.3X3.3%x15.5 111 0.4068 X 10~ —1.60
2 2.7%x5.1x11.4 6.5 0.8376 1073 —2.34
3 1.2X3.3%X9.0 16.5 0.2866< 10~3 —-1.17 -
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III. RESULTS

A. Thermal conductivity

In Fig. 1 we show a log-log plot of the thermal conduc-
tivity K for two samples designated HOPG Nos. 1 and 2.
For the reader’s convenience we also show in the inset the
behavior of the in-plane thermal conductivity extending
up to room temperature. From 10 K down to 1 K, the
thermal conductivity falls with a temperature dependence
faster than T2 for both samples. Such behavior has been
observed previously*~7 and can be accounted for by as-
suming the conduction proceeds primarily via lattice
waves which interact with crystallite boundaries.® The
temperature dependence is slightly faster than the varia-
tion of the specific heat which has been observed to
transform from T2 to T in this regime.”~!' At 1 K
there is a distinct elbow in the K (T) curves and below this
temperature K (T)~ T'14*002  While this undoubtedly
indicates the onset of a crossover into the regime where
carrier conduction dominates, the actual magnitude of the
exponent is puzzling.!?> Based on our measurements of the
electrical resistivity on these specimens,! which show that
p varies by less than 0.5% between O and 1 K, it is clear
that below 1 K carrier conduction is limited by impurity
scattering. Consequently, the Wiedemann-Franz law
(WFL), Kp/T =Ly=const, should apply, and one would
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FIG. 1. Temperature dependence of the in-plane thermal
conductivity of two HOPG samples. The inset shows typical
behavior at higher temperatures.

expect the carrier thermal conductivity to approach a
strictly linear function of temperature.

The discrepancy between the expected and observed ex-
ponents of the power-law dependence is, in our opinion,
associated with the phonon spectrum and has nothing to
do with the charge carriers. The reasoning behind this ar-
gument is as follows. It has been shown previously,” and
we have confirmed it independently for the present sam-
ples, that the WFL in graphite is obeyed at 4.2 K. Thus,
already at these temperatures the carrier scattering as-
sumes a substantially elastic character which, as T de-
creases, should be even more pronounced. Using our
resistivity data in conjunction with the WFL, the carrier
thermal conductivity below 4.2 K should then be given as

HOPG No. 1: K .=(Ly/p)T
=0.0060T (Wem~ K1),

HOPG No. 2: K,,,,—0.0029T . M
Furthermore, as shown in Fig. 3, the thermopower data
below 2 K obey a perfect linear dependence with tempera-
ture (purely diffusion thermopower), supporting our posi-
tion that there is nothing unexpected ‘about the carrier
spectrum or its scattering mechanism.

Assuming that Eq. (1) indeed describes correctly the
temperature variation of the carrier. thermal conductivity
below liquid-helium temperature, the difference between
the actual experimental values of K(7T) and K, from
Eq. (1) is plotted in Fig. 2. We see that in order to ac-
count for the observed total thermal conductivity varia-
tion below 1 K, the lattice conductivity K; would have to
contain a contribution which varies slower than T2 over a
substantial fraction of this temperature regime. At the
lowest temperatures, i.e., T <0.3 K, there is a tendency of
the lattice conduction to return to a higher power-law
variation; however, note that K; is found by taking the
difference between two relatively large numbers and as
such is susceptible to a large degree of error as 7—0.

At this stage we can only speculate on the nature of the
physical mechanism which might plausibly produce the
observed temperature dependence of the lattice conduc-
tion. Since electrical resistivity as well as the purely dif-
fusion character of the thermopower below 2 K seem to
rule out a significant carrier-phonon interaction at these
temperatures, it is likely that the behavior of K; has its
origin in phonon-defect and phonon-boundary scatter-
ing.!3 To explain the results shown in Fig. 2, i.e., the lat-
tice thermal conductivity falling first quickly, then more
slowly, and finally quickly again below 0.3 K, we envision
two possibilities.

(i) We suppose that there is more than one type of pho-
non mode contributing to the heat conduction, and the
particular way in which these different modes add togeth-
er to produce the total conduction depends on tempera-
ture. What we have in mind, in fact, is a combination of
“in-plane” phonons (both longitudinal and transverse)
with “out-of-plane” phonon modes. This is the approach
taken by Komatsu'® and Kelly® in their descriptions of
the specific heat and thermal conductivity, respectively, of
graphite above 2 K. The specific heat variation of both
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FIG. 2. Lattice component of the thermal conductivity of
graphite below 4 K.

these sets of modes are known to transform from T2 to
T3; in the case of the in-plane vibrations the specific heat
contribution becomes proportional to T° below 25 K,
whereas in the case of the out-of-plane modes the cross-
over is expected to occur somewhere below 2 K.!* On the
basis of this model, the lattice thermal conductivity
shown in Fig. 2 can be explained as follows: We assume
that scattering occurs off of microcrystallite boundaries,
and we estimate that this process yields a phonon mean-
free path [, of about 16u for HOPG No. 1 and 5u for
HOPG No. 2 at 2 K. The thermal conductivity is then
given as

KL=°;‘102-I71'C:’ > (2)

where C; is the lattice specific heat, and ¥; represents the
average phonon velocity of the ith phonon mode, where i

runs over both in-plane and out-of-plane phonons
described above. The particular way in which the veloci-
ties and specific heats of these phonon modes average to-
gether is a function of temperature. As the temperature is
lowered below 4 K the thermal conductivity falls nearly
as T° as the in-plane vibrations dominate the thermal pro-
cesses in this regime. As 1 K is approached, the out-of-
plane phonon modes begin to carry most of the heat and
this, coupled with the fact that ¥ for these modes is
smaller, reduces the temperature dependence of the lattice
conduction. Finally, near 0.3 K, the specific heat associ-
ated with these vibrations approaches a T3 dependence,
and thermal conductivity begins to decrease more rapidly.
If this analysis is correct, our results on the lattice
thermal conductivity lend strong support to the validity of
Komatsu’s two-phonon model.

(i) A second possible explanation for the observed tem-
perature dependence of K; centers on details of the
phonon-defect interaction. An evolution from a T to a
T? temperature dependence can arise when large-scale (ex-
tended) defects are present in the crystals, as was found in
the case of NaCl containing artificially implanted silver
colloids.'>'® When the dominant phonon wavelengths are
smaller than the dimensions of the defects, the latter will
scatter these phonons independent of frequency and the
thermal conductivity will proceed roughly as the specific
heat; however, when the temperature is lowered below the
value at which the dominant phonon wavelengths exceed
the defect dimensions, significant Rayleigh scattering will
occur and the temperature dependence of K; will be
slowed. This may be happening in graphite near 1 K. At
this temperature, assuming an in-plane Debye temperature
of about 2500 K,'” and a nearest-neighbor distance of 1.42
A,'® the dominant phonon wavelength is about 3500 A.
Stacking faults'’ which in graphite occur as “strips” hav-
ing a width of ~10° A are likely candidates for such de-
fect centers. Finally, when the temperature is lowered
even further, to about 0.3 K in graphite, the phonon
wavelengths approach the dimensions of the crystallite
boundaries and the thermal conduction once again mimics
the specific heat. In graphite any interactions of in-plane
phonons with defects can play an extremely important
role because of the intense “focusing” of the phonon-
energy flow in the planes?>?! due to the elastic anisotropy
of its structural arrangement.22

While either of the above models can qualitatively ac-
count for the observed behavior, we do not rule out the
possibility of other mechanisms occurring in this impor-
tant material; for example, a specular, rather than diffuse
nature of scattering of phonons at boundaries®® can signi-
ficantly affect the temperature dependence of the conduc-
tion. Ultimately, of course, one would like to separate the
electron and lattice conductivities below 1 K by applying
a transverse magnetic field. While only a very modest
field strength of a few kG is needed, such measurements
are complicated by the field dependence of the thermome-
ters. It is currently an outstanding problem in low-
temperature thermometry to develop a simple thermome-
ter with the properties similar to that of carbon-glass sen-
sors (small and reproducible magnetoresistance) but ex-
tending their useful range to well below 1 K.
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FIG. 3. Temperature dependence of the in-plane thermo-
power of three HOPG samples.

B. Thermoelectric power

In Fig. 3 are shown the results of measurements of the
thermoelectric power of samples 1 and 2, as well as a
third sample of very high quality. S(7) for all samples is
negative and below 2 K obeys a linear dependence. In
graphite, both sets of carriers (i.e., electrons and holes) are
degenerate in this temperature range, so that the thermo-
power is the sum of the partial thermopowers of each car-
rier pocket, weighted by the appropriate carrier mobilities.
Since the mobilities are weakly temperature dependent in
this regime, the temperature dependence of the total ther-
mopower reflects that of the partial thermopowers of a
degenerate conductor, i.e., linear in 7. There is no evi-
dence of any anomalous behavior in S(7T) down to the
lowest temperatures. Note that the magnitude of the ther-
mopower as well as the slope increase with decreasing

sample quality. This can be accounted for by either an in-
crease in electron concentration or an increase in the ratio
of electron to hole mobility (due to changes in the scatter-
ing times) as structural imperfection increases;?* a more
definite analysis, however, would require a complete set of
galvanomagnetic data. Above 2 K the curves begin to de-
viate from straight lines, flattening into the broad should-
er region observed by Ayache et al.,?* and this is thought
to be due to the onset of phonon dragging of the H-point
minority holes. '

IV. CONCLUSION

We have measured the in-plane thermal conductivity
and thermoelectric power of HOPG at very low tempera-
tures. The results show that the thermal conductivity
changes over from a T" (n >2) dependence for T>1 K
to a T114%092 1aw at lower temperatures; this is thought
to be due to the onset of significant carrier conduction,
but the actual temperature dependence of the thermal con-
ductivity below 1 K cannot be accounted for without in-
voking a lattice component which decreases much more
slowly than the variation expected if boundary scattering
dominates. The thermopower S is negative and below 2
K behaves linearly with temperature. The magnitude and
slope of the thermopower increases with increasing
structural imperfection of the samples. For T >2 K, the
thermopower flattens as it approaches the onset of the
phonon drag anomaly observed earlier near 7 K.?* In
view of the anomalous behavior of the lattice thermal con-
ductivity and the general importance of the HOPG ma-
terial, it seems essential that precise specific-heat measure-

‘ments at temperatures well below that of liquid helium be

carried out.
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